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2 free energy difference of the perfect pentablock duplex is -220 kcal/mole for 90 base pairs as compared to -140 kcal/ mole for two incompletely hybridized isomers in which only 54 out of the total of 90 bases are paired with each other. Intrachain hairpin and self-dimer are predicted to be significantly less stable, -3 kcal/mole and -4 kcal/mole, respectively. The hairpin sequence, designed to further introduce structurally distinctive stable intermediates by intentional intrachain hairpin, in addition to introducing repeating units for interchain missalignment as the pentablock sequence, therefore has lowest probability of full hybridization. Predicted free energies of metastable intermediates, the intrachain hairpin and the next-probable 38 basepairs homodimer, are -55 and -58 kcal/mole respectively, as compared to -93 kcal/mol for the 74 base-pairs homodimer. The system is accordingly designed to offer multiple metastable states that might be kinetically favored. For example, intrachain hairpin formation is expected as it requires no encounter with a second molecule. An additional advantage is that the distinctive conformation of the intrachain hairpin helps to elucidate this hybridization pathway. To see intact hairpin intermediates also serves as a convenient test of stability against radiation damage.
Melting temperatures (T m ) at which half of the duplex population is dissociated for random, pentablock and hairpin are 73.3 83.5 79.8 ˚C, respectively in PBS, as reported by the supplier. To begin, we ramp the solution temperature to 95 ˚C to generate single strands, then we run experiments at room temperature, a temperature at which the duplex form is favored energetically. Since there is a time gap between solution encapsulation and image acquisition, inevitably some strands hybridize or become partially associated prior to data acquisition obvious in the images by size and conformation. The typical time gap is 10 to 30 min.
Electron Beam Influence
As is well known, the possibility of damage from the electron beam must be considered when performing liquid-phase TEM experiments. Inelastically scattered electrons interact with liquids mainly via radiolysis; in principle, this might perturb innate dynamics of molecules of interest and 3 3 even cause structural damage [2] [3] [4] . For biological and organic samples interrogated using cryo-EM or the silicon nitride liquid cell, this is most problematic under conditions of high electron voltage and high dosage, >120 keV and >100 e Å −2 s −1 and is less so when the electron dose is <10 e Å −2 s −1 . 5 Another factor alleviating beam damage is that graphene retards electron-induced damage by acting as an effective radical scavenger 6 , by a factor of 1.3 when it is used as a substrate support for cryofrozen samples, and another factor of 10 when samples were encapsulated in a graphene cell in liquid state 7 . Biological structures have been found to remain intact in graphene liquid cells under electron doses in the range 5-6 e Å −2 s −1 8 , 10-15 e Å −2 s −1 7 and 60-100 e Å −2 s −1 9 , and cumulative doses of 700 e Å −2 7 and 4000 e Å −2 9 . Additionally from the patterns of nanoparticle assembly it has been inferred that DNA hybridization was believed to be unaffected up to a cumulative dose of 200 e Å −2 s −1 in a silicon nitride liquid cell 10 .
With these considerations in mind, our imaging conditions were selected to be <120 keV (usually 80 keV) and <10 e Å −2 s −1 (usually 2-5 e Å −2 s −1 ) inside a graphene liquid cell. Additionally, the aqueous solvent was D 2 O as a previous study from this laboratory shows that it is more resistant than H 2 O to radiolysis 11 . For experiments reported in this paper, bond scission and bubble formation were usually (>90%) observed starting sometime after 5 min continuous exposure to the electron beams. This is 2-3x longer than the average time we observed for hybridization. The cumulative electron dose in our experiments was typically 100-900 e Å −2 .
We evaluated the stability of single-stranded DNA against visible bond scission by computing its projected area, finding this to fluctuate (±3%) around the same stable value during the first 5 min, followed by relatively sudden reduced area and faded contrast (>5%). Typically, DNA molecules ceased to be visible within ∼10 s after the onset of this visible degradation and a gas bubble appeared soon afterwards. Further, we also carefully quantified on our detectors the intensity of molecules while they were imaged during interactions and post interactions. As shown in Fig. 6d , the relative value of total intensity fluctuated in time within 3-5%, which we consider to indicate no significant damage. These variations probably reflect a combination of experimental The likely absence of significant electron-induced damage is supported by two further observations. First, mean-square displacement was Fickian, proportional to time with slope unity, suggesting constant size of the diffusing molecules, as illustrated in Fig. 2e . Secondly, we compared statistics of successful hybridization events obtained from two imaging conditions, detection condition I and II, and found no systematic difference. For example, the zipper-up annealing pathway was essentially the same in Fig. 3a (detection condition I) , in Fig. S1 (detection condition II) and in Fig. S2 (detection condition I) . The loop annealing pathway was essentially the same in Fig. 2a (detection condition I) and in Fig. 4a (detection condition II) for dimerization, and in Fig. 6b (detection condition II) for three strands case; and in all three cases the molecular trajectories reveal rotations at the point of hybridization. Statistically, we also found the probability to observe in situ hybridization events to be similar for detection condition I and detection condition II, ~6% of the total number of observed DNA molecules (26/416, 10/148 respectively). Among the numerous fully-hybridized duplexes that we observed from the start of the experiment, there was no indication of beam damage for 3-5 min electron exposure, regardless of whether we used detection condition I or detection condition II. Movie S4. This movie shows failed encounters -reversible self-assembly of pentablock sequence using detection condition II. Played at 10 frames/s. Left: raw images. Right: red lines highlight projected shapes of the molecules and center-of-mass trajectory is traced in yellow. Scale bar: 10 nm.
Movie S5. This movie shows competing three strands scenarios. Left: raw images. Right: binarized images. A. Duplex formation in random sequence using detection condition I. Played at 10 frames/s. Scale bar: 10 nm; B. Duplex formation in pentablock sequence using detection condition II. Played at 10 frames/s. Scale bar: 10 nm; C. Duplex melting for pentablock sequence using detection condition II. Played at 10 frames/s. Scale bar: 10 nm.
